Biocatalytic transformations generally rely on purified enzymes or whole cells to perform 24 complex transformations that are used on industrial scales for chemical, drug, and biofuel 25 synthesis, pesticide decontamination and water purification. However, both of these systems 26 have inherent disadvantages related to the costs associated with enzyme purification, the long-27 term stability of immobilized enzymes, catalyst recovery and compatibility with harsh reaction 28 conditions. We developed a novel strategy for producing rationally designed biocatalytic 29 surfaces based on Biofilm Integrated Nanofiber Display (BIND), which exploits the curli system 30 of E. coli to create a functional nanofiber network capable of covalent immobilization of 31 enzymes. This approach is attractive because it is scalable, represents a modular strategy for site-32 specific enzyme immobilization, and has the potential to stabilize enzymes under denaturing 33 environmental conditions. We site-specifically immobilized a recombinant α-amylase, fused to 34 the SpyCatcher attachment domain, onto E. coli curli fibers displaying complementary SpyTag 35 capture domains. We characterized the effectiveness of this immobilization technique on the 36 biofilms and tested the stability of immobilized α-amylase in unfavorable conditions. This 37 enzyme-modified biofilm maintained its activity when exposed to a wide range of pH and 38 organic solvent conditions. In contrast to other biofilm-based catalysts, which rely on cellular 39 metabolism to remain active, the modified curli-based biofilm remained active even after cell 40 death due to organic solvent exposure. This work lays the foundation for a new and versatile 41 method of using the extracellular polymeric matrix of E. coli for creating novel biocatalytic 42 surfaces. 43 44 3
Introduction 47
Biocatalysis provides an environmentally friendly alternative to chemical synthesis with 48 its ability to perform complex chemical transformations in a scalable manner (Wohlgemuth, 49 2007) . Enzymes are inherently attractive as catalysts due to their ability to perform chemo-, 50 regio-and stereo-selective catalysis even on large, complex molecules. This fuels their use in the 51 pharmaceutical industry and elsewhere, as alternatives to less selective synthetic chemical 52 transformations (Murphy, 2012; Pollard and Woodley, 2007) . 53
Enzymes can be used in purified form, in crude cell lysates, encased in synthetic 54
protective materials such as a polymer matrix or lipid vesicle, or within whole cells. Hartmann, 2012). Whole cell catalysis is used widely in industry, however its production 58 efficiency is limited by low mass transport stemming from hindered diffusion of the substrate or 59 product across the cell membrane (Chen, 2007; Leon et al., 1998) . Cell surface display methods 60 have been explored in order to circumvent the problem of mass transport, but these approaches 61 are hindered by the limited area on the bacterial cell surface and logistical difficulties in adapting 62 PCF and hydrophilic PTFE filter plates (MSSLBPC10, MSRLN0410) and the Millipore 116
MultiScreen vacuum manifold apparatus was used for filter plate assays. Amylase-SC was also 117 immobilized onto His-Pur magnetic beads (LifeTechnologies, 88831). For amylase activity, 4-118 nitrophenyl-α-D-maltopentaoside (pNPMP, Sigma, 66068-38-0) was used as a substrate and 119 recombinant purified α-amylase from Bacillus licheniformis (Sigma, A3403) as a standard. An 120 iBlot Dry Blotting system (LifeTechnologies) was used for transferring gels to PVDF 121 membranes (LifeTechnologies, IB4010). Anti-His antibody was purchased from Pierce Sci. 122 (MA1-21315) and Western Blots were developed using Clarity ECL Substrate (BioRad, 170-123 5060). pH was measured using a Mettler Toledo FE20-Basic pH meter with an InLab®Routine 124 probe. LC/MS/MS analysis was performed at the Taplin Mass Spectroscopy Facility. Scanning 125
Electron Microscope (SEM) images were taken on a Zeiss Ultra Plus FESEM and confocal 126 microscopy was performed on a Leica SP5 X MP Inverted Confocal Microscope. 127 
Curli Expression

Quantitative Congo Red (CR) Binding Assays 134
Congo Red (CR) binding assay was adapted from previously published methods (Chapman, 135 2002 ). 1 mL of induced culture was pelleted at 5000g for 10 min and resuspended gently in PBS. 136
Congo Red was added to 0.025 mM and allowed to incubate at 25°C for 10 min. The cells were 137 then pelleted at 21,000g and the absorbance of the supernatant was measured at 490 nm in a 138 BioTek H1 microplate reader. The amount of CR binding was determined by subtracting the 139 amount of this measurement from a PBS + CR control. 140
Amylase-SpyCatcher Expression 141
Rosetta cells transformed with pET28b Amylase-SC were grown up in overnight cultures in LB 142 at 30°C with 100 µg/mL kanamycin. 1L of Terrific Broth was supplemented with kanamycin, 143 inoculated with the overnight culture and grown up at 30°C until an OD of 0.4. Amylase-SC 144 expression was induced with 0.5 mM IPTG and allowed to express overnight at 18°C. Cells were 145 harvested and lysed in TBST and Amylase-SC was purified on a Ni-NTA column. 146
Amylase-SpyCatcher Activity Assay 147
4-Nitrophenyl-α-D-maltopentaoside (pNPMP) was chosen as the substrate to measure α-amylase 148 activity because hydrolysis of 4-nitrophenol (pNP) from the pentasaccharide can be monitored at 149 405 nm. Note, the absorbance of pNP is dependent on its protonation state. 150
Curli Biofilm Assays 151
PHL628 biofilms expressing wild-type CsgA or CsgA-ST were cultured for 18h at 25°C at 150 152 rpm as described above. Curli content was measured using the quantitative CR binding assay. 153 50-100 µL of cells (normalized to CR absorption) were transferred onto filter plates, which were 154 previously blocked with 0.5-2% BSA for at least 1.5h. For suspended biofilm assays, the 155 biofilms were distributed into Eppendorf tubes and the same conjugation procedures followed. 156
The media was filtered through using a vacuum manifold. Cells were washed with PBS or 157 TBST. Cells were incubated with Amylase-SC in PBS with BSA or TBST overnight. To 158 determine the remaining activity of the SpyCatcher on Amylase-SC that was left in solution after 159 incubation, the filtrate was reacted with MBP-ST for 3h. The reaction mixture was concentrated, 160 dissolved in 2x Laemmli buffer and a Western Blot run. For activity assays on the biofilm, the 161 conjugation mixture was removed using vacuum filtration and the biofilms were washed six 162 times with 0.3% BSA in PBS or TBST over 90 min. For activity assays at different pH, 1.25 mM 163 pNPMP in PBS was pH-ed with NaOH and HCl and added to the cells. Plates were placed on a 164 desktop shaker and shaken at 150 rpm at room temperature for 1.5-2h. At the end of the 165 experiment, the supernatant was vacuum filtered into a new 96-well plate, 5 M NaOH was added 166 to increase pH to 12-14 (to bring pNP to a uniform protonation state) and pNP hydrolyzation was 167 measured at 405 nm. For activity assays in organic solvents, biofilms were incubated with the 168 solvents for 1-2h. The solvents were removed and cells washed with PBS. 1.25 mM pNPMP in 169 PBS was added to the biofilm. Plates were placed on a desktop shaker at room temperature (rt). 170
At the end of the experiment, the supernatant was vacuum filtered into a new 96-well plate and 171 pNP release measured at 405 nm. In the data analysis, the reference activity is to pH 7 PBS. All 172 data points are averages of reactions done in triplicate with error bars indicating standard 173 deviation. 174
MTS Assay 175
Cell viability was tested using Promega CellTiter 96 Aqueous Non-Radioactive Cell 176 Proliferation Assay. Functionalized biofilms were prepared as described above. Subsequent to 177 exposure of biofilms to pH, miscible and immiscible organic solvents, biofilms were washed 178 with PBS, incubated with assay buffer for 1h, filtered through and results read optically at 490 179 nm. In the data analysis, biofilms incubated in pH 7 PBS were used as the normalization for 180 activity. 181
Results and Discussion 182
Amylase-SC Stability 183
We chose α-amylase as our model enzyme because of its wide use, industrial applicability, and 184 the commercial availability of a water-soluble colorimetric substrate. The stability of α-amylase 185 and its substrate also allowed us to correlate the observed enzyme activity to the stability of the 186 biofilm as a whole, since we could assume that the enzyme would not degrade on the timescale 187 
Correlating Congo Red Adsorption to Enzyme Immobilization 256
We expected that the amount of curli being produced by the cells would be a good 257 predictor for the amount of enzyme that could be immobilized. We therefore attempted to 258 correlate amyloid production, as measured by CR staining, with enzyme immobilization. 259
Although CR staining can be problematic because of nonspecific staining of other proteins and 260 biopolymers, we confirmed that this was not a problem for the E. coli strain we used for these 261 experiments by demonstrating a lack of staining for cells transformed with an empty plasmid that 262 did not contain the gene encoding CsgA (Nguyen et al., 2014) . We also investigated whether CR 263 staining is dependent on the amount of non-curli biomass in the sample. To do this, we diluted 264 onto the biofilms maintained full activity for the pH 5-9 range, but also showed full activity at 21 pH 4 and pH 10, even though the soluble Amylase-SC lost 40% of its activity at those pH values. 22
The cells show a slightly increased metabolic activity from pH 3-6, which is likely due to stress 23 response to the unfavorable pH and buffer conditions ( Figure 7B ).
Amylase-SC Stability on Biofilms Incubated with Organic Solvents 1
Biocatalytic systems that are able to catalyze reactions on compounds with low water 2 solubility are of particular interest in industry. Most existing methods designed to circumvent the 3 issue of water solubility use two-phase aqueous-organic systems. In these systems, the organic 4 soluble molecule briefly enters the aqueous phase, where the enzyme is able to catalyze the 5 reaction, and then exits again into the organic phase (Hertzberg et al. have a logP between 2-5 (depending on cell type) or greater are able to maintain catalytic 11 activity. The loss of activity is believed to be due to inactivation of enzymes, the breakdown of 12 transport mechanisms, disruption of the cell membrane by the solvent and cell lysis that results 13 from exposure to the organic solvents (Leon et al., 1998) . 14 We hypothesized that the enzyme-functionalized biofilms would be able to withstand 15 some exposure to non-miscible organic solvents because biofilms should remain hydrated under 16 such conditions and hence prevent the denaturation of immobilized enzymes. To test this 17 hypothesis, we incubated Amylase-SC conjugated biofilms with a panel of water-miscible and 18 non-miscible organic solvents. Since pNPMP is not soluble in most organic solvents, we first 19 incubated the biofilms in the organics and then replaced the solvent with PBS while measuring 20 activity. As shown in Figure 8A , the relative activity of immobilized Amylase-SC is only slightly 21 affected by incubation with non-miscible solvents, but completely disappears in miscible 22
solvents. Miscible solvents can access and denature the enzymes, and may disrupt curli fiber 23 assembly or anchoring, while a hydration layer separates the non-miscible solvents. Plotting theresults in Figure 8A against the partitioning coefficient of the solvents, Figure 8B shows that 1 Amylase-SC activity is mostly preserved when biofilms are incubated in solvents with logP>0. 2
Notably, 70-90% activity is retained for biofilms incubated in solvents with logP 0.6-0.8, while 3 in the whole cell systems documented in the literature, the use of these solvents resulted in little 4 to no activity for whole cell catalysts (Laane et al., 1987) . Indeed, the metabolic activity of the 5 cells following organic solvent exposure shows that cell metabolism ceased in all solvents tested 6 except decane, which has a logP of 5.6 ( Figure 8C ). This correlates with the results previously 7 mentioned for whole cell catalysis in two-phase systems. Although direct comparisons to the 8 soluble enzyme was not possible in this case due to the insolubility of the enzyme substrate in 9 organics, Amylase-SC does show similar organic solvent tolerance when immobilized onto Ni-10 NTA beads (Supplementary Figure 8) . Further information using other enzyme systems will be 11 needed to definitively establish the impact of the biofilm on enzyme stability. However, 12 operability at the logP 0-2 range may be a unique feature to our system that is afforded by the 13 fact that despite our use of cells, the catalytic component of our system does not rely on cell 14
viability. 15
It is also worth noting that we chose the PHL628 strain for these experiments specifically 16 because curli fibers are the only extracellular polymer that it produces, which simplified the 17 characterization experiments. However, for future studies, long term enzyme stability might 18 benefit from the use of strains that produce other extracellular polymers (i.e. cellulose and other 19 pili) that can serve a protective role for the immobilized enzymes. 20
Biofilm stability over time 21
The stability of the catalytic system is very important in industrial applications of 22 catalytic technologies, since cost savings can be achieved by the extended use of immobilized 23 catalysts, thus reducing reactor downtime (Halan et al., 2012). While our filter plate setup cannotbe used to determine the stability of the biofilms under flow or batch processing conditions, we 1 investigated the stability of the Amylase-SC attached to the biofilm over time. Amylase activity 2 was retested after a period of 28 days with the filter plate immobilized biofilm kept at 4 o C in 3 buffer. Figure 9 shows that the biofilms displayed the same level of activity after the 12 days 4 with a slight decrease after 28 days, indicating that the biofilm and its entangled curli fibers were 5 stable enough that the fibers were not displaced through the filter during the vacuum-assisted 6 washing steps. 7
Conclusions 8
In this work, we demonstrated a novel platform for the immobilization of enzymes onto 9 the extracellular matrix of an engineered biofilm. We were able to create biofilms displaying 10 functional biochemical handles on the curli network of E. coli. Subsequently the SpyTag-11
SpyCatcher immobilization strategy was used to site-specifically conjugate α-amylase to the 12 biofilms, which revealed that enzymes remained active after exposure to various adverse 13 conditions. 14 There are several attractive features of this biofilm-based material compared to other 15 surfaces for enzyme immobilization: (1) the conjugation strategy we employ proceeds 16 spontaneously, without the need for any chemical treatment steps, and provides a simple, 17 modular way to immobilize enzymes site-specifically to surfaces; (2) the conjugation sites are 18 densely arrayed on the curli fibers, producing a high surface area for immobilization; (3) the 19 material is produced entirely biosynthetically, which is a green alternative to petroleum-derived 20 
